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ABSTRACT 


An automated optimum design of tall multi-level 
guyed towers is presented herein. Minimum cost design 
of multi-level guyed towers in a stress and deflection 
controlled space under elastic design philosophy has 
been carried out. The non>-linear structural analysis 
of the system is performed by taking into account that 
the tower shaft is a beam-column resting on non-linear 
flexible supports. The geometry of the guy profile has 
been taken as a parabola, large deformation effects have 
not been taken into account in the present work. 

For the purposes of structural analysis the guys 
have been modelled as non-linear springs. The tower is 
considered as a beam -column hinged or fixed at the base 
and supported by non-linear springs at guy levels. The 
analysis is initiated by allowing the tower to undergo 
some fictitious initial displacements at the guy levels. 
Equilibrium equgitions are then written in the wind ward 
direction and in the direction normal to it at each 
guy level. Simultaneous linear equations, so obtained, 
are solved to obtain another set of fictitious but 
refined displacements. The process is iterated till the 
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deflections converge. In eanli iteration, the stiffness 
coefficients of the guys and the tower get modified. 

The deformed geometry corresponding to converged 
displacenients represents the final deflected shape 
of the structural system considered herein. 

Automated optimum design problem has been 
formulated considering the design variables: 1. the guy 
slopes, 2. the initial guy tensions, 3. the guy diameters, 
4* the heights of the guy levels and 5. the areas of 
cross section of the members and bracing members 

of the tower. Response of the system has been restricted 
by imposing constraints on the maximum displacements 
of the guyed tower. The maximum stress in the members 
of the tov/er and in the guy ropes is not allowed to 
increase a permissible limit. It is further ensured 
that the members of the tower are safe against buclcLing. 
Round bars for members and equal angles for bracings 
have been chosen from amongst the available standard 
sections. The design variables are allowed to 
continuously vary within the range of specified 
lower and upper bounds. The objective function in 
the present w ork is to minimise the cost of the guyed 
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tower, iaitomated optimum design problem is formulated 
as a mathematical prograauning problem. An interior 
penalty function method using sequential unconstrained 
minimization technique is carried out by using Powell’s 
algorithm and Golden Section Search is carried out 
for linear minimization. General computer programs ^ 
for non>-lin8ar analysis and optimum design have been 
developed. Optimum design for a three level 100 m high 
triangular tower has been obtained from two different 
starting points. Existance of local minima is 
indicated by the numerical results. 



CHAPTER I 


IHTRODIJCTIOH 

The growth in the oommunication industry has 
resulted in the development of sophisticated know how 
for the design and erection of antenna supporting 
structures* With the stress on the relaying and broad- 
casting centers to cater for larger areas^ feie antenna 
supporting structures are getting taller. One has to 
choose between a guyed tower and a self supporting tower 
for these purposes. A self supporting tower is a three 
dimensional framM-^strifcture without any intermediate 
support. It is observed that self supporting towers are 
uneconomical for heights beyond 75 meters. The guyed 
towers are more economical for greater heights. However, 
they require large ground space. 

Guyed towers are slender framed structures 
fixed or hinged at the base and supported at intermediate 
points by guys which are anchored to the ground. Guys 
are high tensile steel wires under some initial tension, 
A typical tall guyed tower is shown in Rig. 1.1. The 
number of levels of a guyed tower is the number of 
joints at which the guys are attached to the tower. 
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The response of a guyed tower is non-linear 
even under elastic conditions. This non-linearity is 
due hoth to the stiffening of the guy cahles with 
increasing tension and to the destabilizing effect of 
the axial thrust in the tower itself. Since the axial 
thrust is partly due to the vertical components of the 
guy tensions, the t?70 causes of non-linear behaviour 
are coupled together. Moreover, finite changes in 
over-all geometry may also produce non-linear behaviour. 

Extreme care has to be exercised in taking the 
design decisions due to the non-linearities associated 
with the performance. There are too many design 
variables which have to be carefully fixed to arrive 
at a satisfactory design. Once a satisfactory design 
is at hand, considerations of generating an economical 
design require a systematic variation of design variables. 
Hence, the problem is most amenable to be formulated as 
an optimum design problem. 

1.2 LITERiTUKB SURVEY 

Multi-level guyed towers have been built since 
World War - I. is these were used mostly for military 
purposes in early times, not much of published material 
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is available on the design of such structures. However, 
there are some publications which deal with isolated 
aspects of the analysis and design of such structures. 

A revie?/ of these publications is made in this section. 

Alton \ 2 \ has given a graphic solution for 
determining the spring constants of guys and has carried 
out an approximate analysis of tie tower and guys under 
wind loading. liesenheiser jsj has described a scheme 
for the design of multi>-level guyed towers. There are 
too many simplifications in the equations describing 
the behaviour of guys for the design. It is more of 
use to arrive at an initial design for a more rigorous 
analysis. 

Go hen and Perrin 1 5 j have written the general 
equations for horizontal guys as functions of sag 
normal to the chord of the inclined guys. These equations 
are used for inclined g^ys. The guys are converted 
into linear springs and the analysis of tower has been 
carried out as a - beam-column resting on elastic 
supports. Analysis of the tower and the guys are 
approximate. Scott and Thurston |25 j have considered 
the nonlinear effects of variation of the flexural 
stiffness of the tower due to axial loads under 
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symmetric loading. 

Rowe j 25 1 has formulated an approach where in 
the stresses are calculated first hy analysing the 
tower as a heam>-column and then amplifying them to 
account for. the slack stresses in the guys. The charts 
for calculating the amplification factors are presented. 
Ahhegg 1 1 j has presented interaction diagrams for 
stresses and displacements of the tower as fimotions of 
the cross sectional dimensions of the tower shaft, 

Hull jn j has developed a method for stability analysis 
of a guyed tower under symmetric loading conditions. 
Results have been e3?pressed in terms of critical 
moment of inertia corresponding to a critical wind 
load, 

Poskitt and livesly jis] have described an 
iterative procedure for analysing the guyed towers, 
?7herein, linearised slope deflection equations were 
solved in eac’h iteration in the process of arriving 
at the final solution, Goldberg and Mayers 1 10 j have 
derived non»-linear force -deformation relations for 
the tower spans and guys. Algebraic equations are 
vo^itten for each joint of the tower. To simplify the 
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solution seeking, these equations have been delineated 
into a set of linear differential equations in the 
field of a wind load parameter (Square of the wind 
velocity). Odley jl?! h.as developed an iterative 
procedure for analysing the guyed towers by replacing 
the guys as nonlinear springs based on the assumed 
displacements of the tvroer. Simultaneous linear 
algebraic equations are written for each ;joint and are 
solved to get a set of refined displacements. The guys 
are treated as parabolas and the effects of large 
deformation of the tower are neglected, 

Livesly jl5| has described a procedure for 
obtaining the optimum guy tensions to satisfy the 
deflection constraints. He minimized a linear function 
of guy erection tensions using the linear programming 
teclmique to arrive at the optimum values of the guy 
tensions, Reichelt, Brown and Melion j 21 | have 
described an on-line remote terminal computer system 
for use in the design of guyed towers. However, its 
use is limited to the choice of the computer system. 

Ghu Kuang and Ghiun Ma 1 4 I have analysed the 
guyed towers without considering the wind forces on 
the guys. Haqvi jis j has presented a method of 
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non>-lineax ajiaXysis of guyed towers using the stiffness 
method, The effect of geometric non-linearities arising 
due to the beam-column and large deformation effects 
on the non-linear analysis of the guyed towers has 
been studied. He concludes that, for a reasonably 
accurate analysis of the guyed tower, it would be 
sufficient to consider only the beam column effects 
and that the effect of large deformations of the tower 
on its over-all performance is only marginal. 

SCOP E OF IHE PRESENT WORK 

As is clear from the literature survey, most of 
the efforts of the earlier investigators on the subject 
have gone towards developing the methods of analysis 
for the guyed towers. Little attention has been paid 
to the economical design of guyed towers. Practically 
no effort seems to have gone towards the study of the 
optimum design of guyed towers. 

The minimum cost design of tall guyed towers 
may be formulated as an optimum design problem. The 
possible design variables could be 1. the number of 
guy levels, '2. the guy slope, 3. the initial guy tensions, 
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4. the guy diameters, 5. the guy attachments with the 
tower, and 6. the areas of cross-section of all the 
primary and secondary memhers comprising the tower shaft. 
The limitations on maximum stresses in the members of the 
tower and the guys as well as the maximum deflection of 
the tov7er form the natural behaviour constraints on the 
design, limitations arising due to the available guy 
diameters and available sections for tower members form 
the side constraints. 

The maximum stresses in the guys and tower members 
and the maximum deflection of the guyed tower are dependent 
on the relative stiffnesses of the tower shaft and that 
of the guys. As the guys are pre -tensioned, the stiffness 
of the guys is a function of the amount of the initial 
tension besides the guy diameters and the slope of the 
guy chords. 

Thus the choice of the initial guy tension, the 
guy diameter as well as the slope of the guy chords are 
obvious design variables. The location of the joints 
between the guys and the tower shaft is another important 
consideration for the design of the guyed tower. 
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Considering a design variable corresponding to 

eacli member of the toxTOr, results into a large number of 

design variables, for example, a 100 m high tower will 

% 

have about 500 members. One way to reduce this number is 
to select three design variables per span; span of the 
tower being defined as the distance between the end of the 
toY/er and the nearest guy level or the distance between 
two consecutive guy levels* These three design variables 
correspond to the areas of cross*-section of the leg m^ber, 
the diagonal bracing member on the face of the to?/er and 
the web bracing member. 

If the number of guy levels is also considered as 
a design variable, the problem turns out to be a mixed 
integer programming problem with large number of variables, 
Also, one has to note that the areas of cross -sect ion of 
the members of the tower and the diameters of the guys 
are available only in discrete quantities. 

As is clear from the above qualitative discussion, 
the resulting optimum design problem will be a mixed 
integer programming problem with a large number of 
of design variables and larger number of constraints. 

A direct solution of such a large integer prograimning 
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problem is as of today intractable. Therefore, it is 
natural to look for the possible reduction in the size of 
the problem. Some of the parameters can be suitably 
predefined thus reducing the nimber of design variables. 

The number of guy levels is directly dependent upon 
the height of the guyed tower. The tall guyed towers 
in Use vary from 100 m to 400 m. The variation in the 
number of guy levels for the range of height mentioned is 
3 to 7. The larger the number of guy levels for a 
particular tower, the more would be the ground space 
covered by the tower, Prom structural point of view, 
a particular tower with more number of guy levels will 
experience more axial thrust, thus undergoing more 
destabilizing effect. However, increased number of guy 
levels shall contribute to the over-all flexural stiffness 
of the guyed tower. Therefore, fixing the number of guy 
levels for a particular tower is in itself a subject matter 
of study to be approached from the over-all stability 
and flexural stiffness considerations. This , however, has 
not been studied in the present work and based on the 
experience of the earlier investigators, the number of guy 
levels has been fixed in the present work. 
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The stresses in the bracing members axe observed 
to bo very nearly the same in all the spans. Thus, it is 
reasonable to assume that all the vis'b braces have the 
same area of cross>“SGetion and similarly all the diagonal 
members ’ffill have the same area of cross»-section, 
throughout the height of the tovrer. 

The, problem can be further simplified by treating the 
design variables corresponding to the areas of cross-section 
of the members of the tower and the diameters of the guys 
as continuous variables, though it is not so in actual 
practice. Thus the simplified optimum design problem 
for a guyed tower having m guy levels will have 5 m + 5 
or 5 m + 2 design variables, depending upon whether the 
tower has a cantilever portion at the top or not. 

As the effect of large deformation of the tower on 
the performance of the guyed tower is found to be only 
marginal ll6l, it has not been considered in the present 
work. The analysis procedure used in the present work 
is discussed in 1 17 I, and for completeness of 
presentation, is described in Chapter 2, The guys are 
treated as parabolas. The tovrer shaft is analysed as a 
be am -column resting on elastic supports. Only loads due 
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to wind action are considered in the present work. The 
strengths of the tower members are calculated as per 
the Indian Standard Specifications ll2j. 

The optimum design problem is formulated in 
Chapter III, where in, the method of solution is briefly 
described. The results of sample problems are given in 
Chapter TV, The conclusions of the present work are 
also summarised in this chapter alongwith the further 
scope of work. 

The computer programs developed and used in the 
present work are briefly described in ^pendir-A. The 
listing of these programs and the input data required 
are given in ippendices B and C respectively. 



CHAPTER II 


MHOD OE MALYSIS 
2.1 I^ITROEUGTIOH ' 

The guyed tower is a highly non*-lineax structure 
even under elastic conditions. The non*-linearity is 
■basically due to two reasons; 1. due to the non’-linear- 
ities of the guys and 2. due to the heavy axial loads. 

The axial thrust is responsi'ble for reducing the stiffness 
of the tower shaft, ixial thrust is partly due to the 
vertical components of the tensions in the guys. Thus, 
the two non-linearities are coupled together, in iterative 
approach is an obvious choice ,to seek the solution of such 
a non-linear structure. Moreover, the method of 
analysis has to he simple and accurate because, it is to 
be embedded in the analysis, design cycle for seeking 
the optimum design. Based on these considerations, the 
method of analysis suggested by Odley ll7| is used in 
the present work. This method is based on the follwing 
assumptions ; 

Wind loads on tower shaft are known ^d are 
assumed to pe uniform between guy levels. 


1 
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2, Ihe moment of inertia of the tower shaft is 
considered to he uniform "between guy levels* 

3. Dead load of the tower shaft for each span is 
concentrated, one’-half at each end of beam-colimnn 
action only. 

4 . The guys are uniformly loaded by Y/ind . 

5 . Ihe velocity of v;ind acting on a guy is the wind ve*- 
looity at its average height. 

6. Guy curve is parabola for all loading conditions. 

7 * Drag and lift coefficients for a guy are as indicated 

by Diehl 1 6 I . 

8 * Wind is blowing parallel to the ground. 

I^Q4DS Oh IHB STRUCTUR E 

The tower shaft and the guys are subjected to the 
folloY/ing loads; 

2.2,1 loads on the Guys 

^ Dea-3. load : This includes the self weight of the 
guys, weight of the insulators and weight of the ice, 
if deposited on the guys. However, in the present work, 
only the self weight of the guys is considered. 
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(ii) Wind loads ; Wind exerts forces in the direction of 
Y7ind in the form of drag and in the direction perpendi^ 
cular to wind, in the form of lift, Guy tensions are 
increased due to these forces. The calculation of drag 
and lift forces is dealt in a subsequent section, 

2,2,2 Loads on the Tower Shaft; 

(i) Lead Loads: Lead loads consist of self weight of the 
shaft including the antennas and other ancillaries attached 
to the mast; e.g, stairs, warning signals for aircrafts etc. 

(ii) Live Loads : 

a) Wind load: Idis is the primary live load which 

comes on the tower. The force on a tall structure like 
a guyed tov/er due to wind loading is a function of the 
properties of air, the wind velocity, the height under 
consideration and the drag of the structure. The velocity 
pressure for moving air is given by the following formula: 

Y = ^ 1,2318 7^ 

^ 2g 2 X 9.81 

i.e. Tp = 0.0049 

2 

where, 7p is the velocity pressure in kg/cm ; 


( 2 , 2 . 1 ) 
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is the specific weight of air 
(1.2518 kg/m^ at 15.5°C). 


and 


is velocity of air in kniph 

p 

is the gravitational acceleration (9 *81 m/sec ) 


Wind velocity is assumed to escalate with height as 
per the povrer law. 


Tj, = V (h)“ 

Ho 


( 2 . 2 . 2 ) 


where . 


is the base height in m; 


is the hei^t under consideration in m; 

Wq is the basic wind velocity in lanph; 

^ is the wind escalation exponent; 

and is the v/ind velocity at height in kmph. 

Wind velocities are considered to be constant 
below the base height and above a certain cut»-off height, 
Hjj^ax* Generally, and taken as 10 m and 

375 m respectively. 

Wind escalation exponent, a, is taken as l/8 
in the present work, as it gives neanly the same order 
of magnitude of wind forces as recommended by IS 875 ll3l. 

Eq. 2,2,1 makes no allov/ance for the shape of the 
object or the drag. The drag coefficient or shape factor 
is a function of physical size, shape, surface roughness, 
orientation with the air stream, openings etc. 
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There are various practices for estimating shape 
factors. In the present wDrk, the shape factors are 
calculated on the basis of solidity ratio 1 24} . 


Solidity ratio (0^) = 


Projected net area 
Gross ciTea 


In the present work, the solidity ratio is found to 
he al?/ays less than 0.4. Therefore, the plot for shape 
factors (based on solidity ratio) given* by Sachs [24 |, 
linearized between 0,0 and 0,4 is used. The linearized 
model is 


= 3.5 - 4.125 0g '(2.2.3) 

where, 

0_ is the solidity ratio; 

o 

Ojj^ is the drag coefficient of the tower shaft. 

2 

The unit ?sdnd pressure in kg/m on the tower shaft 
in ati air stream after considering drag coefficient, St» 
is given by 

P = Tp . Gj)t " 0-004-9 (2.2.4) 
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Loads Accretion of Ice increases the vertical 
load on the tower shaft and increases the tensions in 
the gays. It is very rare that the ice load and the 
worst wind conditions occur simultaneously. However, 
ice loads are not considered in the present work. 

S_ervice Loads These loads depend upon a particular 
tov/er according to its function and are defined in the 
specifications of the tower, loads due to the lifts 
provided is an example of service loads. 

dip ads due t o guy reactions The guy tensions exert 
loads on the tower at the guy attachements. The horizontal 
components of tho guy reactions offer resistance to tower 
displacements. Their vertical components tend to increase 
the tower displacements as their effect is to reduce the 
flexural strength of the tower shaft , besides increasing 
its axial deformation. 
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2.2.3 Worst Conditions of Jjoading 

Tlie wind conditions which resultoin maximum forces 
in the lag members and bracing members are different \2Z\. 
The critical wind conditions for triangular guyed towers 
are shown in Fig, 2,1, For obtaining maximum bending 
moment and shear forces, in a triangular tower, it i§ 
necessary to consider corner wind and face wind conditions. 
Maximum leg forces are found from the consideration 
of these wind conditions, ilthough maximum bracing 
forces can be obtained from the side wind condition, the 
analysis carried out according to corner wind and Face 
Wind conditions is considered sufficient l22j. 

Maximum guy tensions are obtained for triangular 
towers with the corner wind condition as shown in Fig. 2.1. 

2.3 MilYSIS 

The analysis of the guys and the tower shaft 
based on the assumptions enlisted in Section 2,1 and the 
loads described in Section 2,2 is given in this section. 

2.3.1 Analysis of Guys 

2. 3. 1.1 Normal position of guy : Fig. 2.2 shoT^rs a guy 
with no wind blowing and at normal temperature, to. If 



FACE HITD - 


OOBMER WIITD 


FIG. 2, 



1 CRIIIGAIi Wliro COHDITIONS FOR GUYED 201YERS 
IRIAEGULAR IN SHAPE 
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tlie total Yifeiglat of the gay is W tons, the approximate 
len^h of the guy L, in meters is given by 


L = a (Secio + 



24 H Sec CO 


(2.3.1) 


v/hera 

H is the horizontal component of the guy tension in tons. 

I’or e-3:ection purposes, the tension at the anchorage, 

T 2 » is known and H can be computed from 
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Tile unstressed length of the guy, Lq, at normal 
temperature, to, is then 

Iq = 1 - ilg (2.3.4) 

At a temperature t degrees faureinheat, the unstressed 
length, L^-, is given hy 

= Lq [ 1 + 0.0000065 (t - t^)"! (2.3.5) 

2 , 3 . 1 . 2 of tower Motion and Wind on Guy : The forces 

acting on the guy are shovel in fig. 2.3. The projection 
of guy chord on a horizontal plane makes an angle 0 with 
the direction of ?7ind. Point A represents the point of 
attachment to the tower which, in this case, is assumed 
not to have moved. Positive directions of the forces are 
shorn in Pig. 2,3. The total weight, W, acts vertically 
dom; the’ total drag, d^, acts parallel to the Y>-a3d.s; 
and the lift, 1-], is parallel to AD and normal to d^. 

0 is the true angle between the guy chord and the 
direction of wind is given by 

Gos0 = Gos0 Cosoo (2.3.6) 

let 1 and 1^ represent the components of the 
lift, 1-j, in the Z and X directions respectively; then 




1=1^ Sin P 


(2.3.7a) 


Cos p 


(2.3.7b) 


in ?/bicb. 


Sin p = 


Sino3 . 
SinG 


(2.3.8a) 


and 


Gos = Gosi:.3 

SinG 


Assuming tbe -velocity pressure to 
tbe totcil drag, Iq, and lift, 1^, 


(2.3.8b) 

be given by Eq. ■2. 2.1, 
on a guy are approximately. 


d^ = 0.0049 C d Gj) lo""^ tons (2.3.9) 

and P , 

1^ = 0.0049 G d Y lo"^ tons (2.3.10) 

wbere , 

C is the chord length of guy in m; 
d is the diameter of guy in cm; 

Y is the wind velocity in kmph; 

Gjj is the drag coefficient; 

and 

Oj^ is the lift coefficient. 

It should be noted that 1^ is negative when 0 
is in the first or fourth quadrant. Hence, the sign of 
1^ is opposite to that of Cos0. 
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Diehl 

|6l indicated values of and 

by 

curves for 

values of 9 varying from 0° to 90°. 

These 

values can 

be 

expressed in polynomial form as 




2 3 4 

a^ + a-] X + a 2 X + a^ x^ + x 

(2.3.11a) 



2 3 4 

b^ + b^ X + b 2 x + b^ X + b^ x 

(2.3.11b) 


wliero , 

X = jCos 0| 

Depending upon the direction of wind, the values 
constants in polynomials represented hy Eqis. 2.3.11a and 
2,3. 11h are given in tables 2,1 and 2,2. 

1 ABLE 2,1 : Yalues of Constants in Polynomial, Eq,2.3.11a, 

for Cp 




% 

ai 

^2 

^3 

^4 

^ 1 

0.575 

1.18457 

0.07816 

-1.51543 

-1.73395 

2.56634 

X > 

0.575 

1.. 20931 

0,08774 

-1.33619 

-0,82684 

1.06662 


lABDE 2.2 : Yalues of Constants in Polynomial, Eg. 2. 3, 11b, 





for 



X 


% 

ai 

3.2 3^^ 

sla 

4 

X < 

0.575 

0.00008 

1.45668 

-2.73481 5.36663 

- 4.75092 

X > 

0.575 

1.40075 

>-4.20644 

6.00561 -2.24738 

- 0.94991 
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In Fig. 2, 4, the guy has deflected a distance 
A meters in the direction of wind at the guy attachment 
point. Due to the wind loads, the guy lies in a new plane 
that contains the resultant of all the fences acting on 
the guy, Wj,. This new guy plane is represented hy 
in the figure. Ihe guy is assumed to he a parabola lying 
in this plane v/ith parallel to and O^B normal to 

is given hy 

+(¥- 1 )^] ( 2 . 3 - 12 ) 


Also, 


Q O 

a 2 = Sin0) + (a Gos0 + ^ ) 1 


Sin0- 


a Sin0 


a.r 


and GOS0-, = 

3*0 


(2.3.13a) 

(2.3.13h) 

(2.3.13c) 


It can he shorn that 

(¥-l)3xj. - ag ( Iji Sin0^ + d^ Gos0p 


h- 


■1 


3-| 




and tan 


Y (ag + h^ - ) 


h-, 


■ (2.3.14a) 

(2.3.14h) 

(2.3.l4e) 
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in wMch. is the height of the gay at temperature, t. 

The valiie of is given hy 

h^ = h Il'i.O + 0.0000065(t-tQ)J (2.3.15) 

for steel structures. 

Where, h is the height of guy at normal temperature, t^. 
The direction cosines of lines 0^ and O^B are 



°1 

0^ B 


Cos oc^ 


O 0 SCC 2 - *-tanui>^Cosa^+ 

Siip 

~ Sln0 

Oos P-| 

w 

OosP 2 ~ ’“tan OosP 

Gos0 

a-4 ^ 


^r 


1 

Cos i -j 

= ^ ^ - 1 

W 

r 

Gos y 2 ~ ’-tan -^iCos ^ 

ai 


( 2 . 3 . 16 ) 


Big. 2,5a shows the guy forces at the tower produced by 
the guy under wind load and Big, 2,5b shov/s the forces 
at the anchorage. At the tower, the vertical load 
produced by the guy is and the tension in the guy is T^. 
At the anchorage, the vertical uplift is Z 2 and the tension 
is T^. 

If H-j is the tension in the guy of Big. 2,4 
comparable to H of Big. 2.2, it is possible to write: 
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tan 

^2 

W 

= tan + -S— 

^ 2h^ 

W 

= tan e-O ^ 

^ 2h^ 

tan p' 

(2.3.17a) 

tan 

(2.3.17b) 



(2.3.17c) 

^2 

= 

tan fp 

(2.3.17d) 


= Hl 

Sec 

(2.3.17e) 


= 

Sec P 2 

(2.3.17f) 


= 

Cos P 2 + ^03^1 

('2.3.17g) 

S1 

= 

I 

003062 Cos06^ 

(2.3. 17h) 

Zl 

= 

Cos ^ 2 " "^1 V ^ 

(2.3.17i) 

M 

== H^(Sin0^ 0osa2 + Cos0-] C 0 SP 2 ) 



+1 

'2 (Sin0^ Gos06^ + Gos0^ Gosp^) 

(2.3.173) 

IT 

= 

(Sin0^ Gosp 2 Gos0-j O 0 SC 62 ) 



+ 

V<l (Sin0^ CosP^ - Gos0^ Gosoc^) 

(2.3.17k) 

and Z 2 

= 

Cos V 2 *" Cos f-| 

(2.3.171) 

t 

where 

is parallel to and is normal 

to it. 


For any particular value of A and temperature, t, 
the value of is determined by trial as follows: 



30 


1 . 

2 . 

3. 

4. 

5. 


Assume a value of H, 


1 


Compute (Seec*;^ + 


w: 


24 h | 


) (2.3.18) 


Compute A 


H-j 


1 , _ 2 W ^ V 

“ (Sec co^ + r ) (2.3.19a) 

12 Hf 
1 


Compute ^ 


(2.3.19b) 


Compare the value of given by Eq. 2.3,19b with 
that given by Eq. 2.3.5. These two values should be the 
same, because the unstressed length of the guy is 
constant. If the values do not agree, the process has 
to be repeated with a new value of until satisfactory 
agreement: is reached. 


Having obtained forces at the tower, anchorage and 
the guy tensions may be found from Eqs. 2.3.17c to 

2.3.171. 

The same procedure is applied to all the guys at a 
level. Having determined the forces at the tower for all 
guys, resultants can be obtained by superposition. Thus, 


R = S (2.3.20) 

Z = E Z^ 


and 


( 2 . 3 . 21 ) 
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where, R is the net guy reaction in a direction opposed 
to the wind at the guy level in consideration; 
and Z is the total vertical, dov^v/ard load produced 

hy the guys, at the tower. 

Because the resultant, Z, of the Z^ forces is 
eccentric to the centroid of the to?/er shaft, an external 
moment, M will Be introduced at the guy level given by 

M = S Z^ e (2.3.22) 

where, e is the distance of the application of Z^ to the 
centroid of the tower shaft in the direction 
of the wind. 

Because the actual value of 11 is unknown at this 
time, a procedure must he used ■yfeich covers the probable 
range of deflection values of the tower at each guy level, 
Bor computer usage, it is expedient to select an initial 
or lowest value for /S at each guy level and to increament 
this value several times until the range of values will 
probably include the actual value of ♦ With experience, 
the range can be reduced to shorten the required computer 
time. Bor each value of ifb , the corresponding values 
R, Z and M are computed. 
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If it is assiomed tliat the change in R is linear 
for two successive values of A , then 

R = K A + Q (2.3.23) 

for the selected interval. The values of K and Q are 
simply computed from the values of R at the lower and 
upper hounds of the A interval. Thus the tvra constants, 

K and Q, associated with each value of A define the 
value of R for that interval i Because the slope of R- A 
curve change from interval to interval, values of K and 
Q vary v/ith A . Similarly we can write 

® = B A + E (2.3.24) 

Z = OA+J (2.3.25) 

The computer program for guy analysts derives not only 
R, M and Z values for each value of A , hut also values 
of K, Q, B, E, 0 and J associated with the upper hound of 
each interval for each guy level, Ihen numbering the 
guy levels, it is expedient to begin at the lowest guy 
level. Thus, 

R^ = A ^ 

Would define the guy reaction at the first guy level 
for the selected interval of A , 
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2.3.2 . Analysis of Sower ; 

Fig, 2,6 slaov7s the forces acting on two continuous 
spans of a multilevel guyed tower. ,In the figure, 


and are uniformly distributed loads; 


¥ l ^ and are the internal resisting 

moments ; 


is the external moment produced by the guys; 

is the force acting down above guy level n+1 
including the vertical Z loads at this guy level; 


and 

is the similar load above guy level n. 

Positive directions of the loads and moments are shown. 
The continuity equation at a joint n is given by 1 26] 


1 , 


+ W 

24 EIj^ 


n+1 


'"n+l 





1 


+ ¥ 


n+1 


n+1 


n+1 


24EI, 




n+1 


n+1 


'n+1 


= 0 


(2.3.26) 
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PIG. 2.7 PREB BODY DIAGRMS OP TWO GOOTIMOUS SPMS OP 
TOTO SHAFT 
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where j 

In’ ^ 11 + 1 moment of inertia of tlie beams 

of span n and n+1; 

E is the modulus of elasticity of the tower shaft; 


u = 1 Y (>Z ) 

2 ^ ^EI ^ 

(2.3.27) 

0(u) = 1 ( L ) 

u Sin2u 2u 

(2,3.28) 

y,(n) = 2^ ( -! 2 ) 

2u tan2u 

(2.3.29) 

ana ?( (u) = 

3 

(2,3.30) 

Becauss 



(2.3.31a) 

■^n+1 ^“^+1’ 

(2.3.31b) 


(2.3.31c) 

and 


^n+1 ~ n+1 ’"^n’ 

(2.3.31d) 


Eq, 2.3.26 may be written 
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+ 4 0 (u^_^^) + 8 -S ^(t^) 


K) + Vl 






"^n+1 ^ ^ n 


(2.3.32) 


Eq. 2.3.37 is the typical continuity equation. 

Eig. 2.7 shows free body diagrams of the two spans of 
Eig. 2,6 with applied forces as indicated. 


Eor equilibrium, and Y^ are given by 


2 ‘i r* 


^ n n-l ^ 


n+1 n+1 


Vr \ 


(2.3.33a) 


ELI ( A /i ) 
^ n+1 n 


(2.3.33b) 

Because’Rj^ = Y^ + Y^^, using Eqs. 2,3.31a, 2.3.31135 2.3.33a 

and 2,3.33b, the value of is given by 
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1 M 

+ ' Vl ) + — 


1 1 


M 


n+l 


IvL ( ) + 

12-1 1 , 1 , 
n n+1 n+1 


K M P 

JL, + + JL. (A ^ A ,) ^ 

n n+l n 




1 


n+1 


(2.3.34) 


Eq_, 2*3.34 is the typical interior reaction equation. 


Por a tower with m spans, the continuity and 
reaction equations, Eqs. 2.3.32 and 2.3.34, must he 
modified for the end spans. Eor continuity at support 1, 
Eq, 2,3.32 becomes, 


1 . 


1. 


4M, 


o 


0 (u^ ) + 8M^ — ■ -y i 


1 1 

+ 4(M2 - “~^'T(^i) + "^1 “ X(u^) 


1, 


+ W2 — X (U 2 ) = 24E 


■A-j 

_ 


■1 


1 


Az ” 

“t; — 


(2.3.35) 


and at support the term is omitted. For the 

reaction at the first support, Eq. 2,3.34 becomes, 

M_ ^ Mo 


= -1 (W^ + ¥ 2 ) + - 2 — ~ + -— ) + 




M 2 

1 ^ 1 2 


- A^) 


(2.3.36) 
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♦ 


and for the section at 


m. 


\ = I ~ 3 

1 1 T ^ m — m-1^ 

mV 


m ^ - — V , 

m 

^2.3. 37) 

If thG t-o-*er is hlngoa at the base, H„ = 0 In the above 

eauatlons. If the bass Is fixed, there Is no angle change 
and, 




0 


6EI 


1 


+ 


A. 


24EI 


1 


3^ (u^ ) + = 0 

I — 


or ^ 

8M„ J~- r(u^) + 4(M,, + M. ) il 0 (uj 
-1 ' T. T 


(2.3.38a) 




+ ^ X (u^) + 24E ^ =0 (2.3.38b 


A. 


1 . 


Eor a tower with m guy levels, 2 m equations can be 
written for a fixed base and 2m-1 equations can be 
v/ritten for a hinged base. The unkno\wis in these equations 
are M-, , , and R^, R 2 , r^. 

The above equations contain the values of the tower 
deflections jAg etc., which are also unknown, 

thereby increasing the number of unknowns to 3 m for a 
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fixed baeo a^d ^ 

- 1,0 ^.let^ >,, Q, B, S, 0 and J, the ^ values can be 
ellmlnatod, thus roduoing the number of unknoms to the same 
number of available equations. 

From Eqs. 2.3,23 to 2.4.25 




_ ^ Qi 




i - 1 , 2 ,..., 21 


(2.3.39a) 


Mi 


B. 


(Rf - 1^) + Bq, 1 = 1,2, ...,m (2.3.39b) 


wliGre 


Ai is the deflection at ith guy level 


Using 2,3,39a, 2 , 3 , 3913 , 2,3.31a .and 2 . 3 . 3 ih the 
general continuity equation, Eq. 2.3.32 can be nvritten as: 


Vl ~ ^ (V + SJ^I ^ y («n) ^ Y K+i) 


1 ' 


n 


L^n 


n +1 




n +1 

1 

+ 8 f (VL^) 


'B.. 


n 


n 




n 


1 


+ 1 


n +1 


n +1 

[ 

n +1 


Rn ~ ~J “ I 

-XCu^+l) = 24ii {( i-+ _L ) ( 


1 1 
n -^n+l 


\ - ^n 


l -( ^ ^ ^+1 " *^+1 


n 


^^>-1 


n +1 


^+1 


( 2 . 3 . 40 ) 
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and tlie general interior reaction equation Eq. 2,3.34 
■becomes 




" Si>-1 q ^n+1 

L ^-1 J ^n+1 r ~j 

(2.3.41) 

Guy constants 0^, etc, are used to determine tlie 
values of , P 2 , etc. In a similar manner, values of A 
can be eliminated from tlie end span equations. 

In many cases, the span above the top guy is cantilvered 
and in some instances, the cantilever is loaded with an 
antenna pull>-off with an additional moment and vertical 
load applied at the top of the tower, iss-uming a cantilever 
above the m"^^ guy level, as in Pig, 2,8, and neglecting 
the effect of the moments caused by the force I in span 
Iq , the value of ^ q is given by 
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"TH I2 




where , 


1 


c 


0 


m 


(2.3.42) 


is the angle change at level; 

and is the moment of inertia of the cantilevered span. 

In the usual design cases, the effect of is 
negligible and hence 0 ^^ can be considered to be zero. 

I'or 0 j 2 ^ = 0, Eq, 2,3.42 becomes 


A 


c 





(2.3.43) 


in which 



■"“I 

1^ (8TH + 3\) + 12 m 1(2.3.44) 


The cantilever moment, G-, at m is given by 


& = Wq ~ + TH 1 q + IM + ^ (1 + 0.5 -Dq) (2.3.45) 

where is the total weight of the cantilever. 

Having determined the reactions, the deflections 
and remaining moments can be computed by means 'of Eqs.2,5.23, 
2 , 3.24 and 2,3.31a to 2. 5.31d. ia though the work of 

establishing and solving them is involved, it is accomplished 
in rather a short time by the use of computer. 
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It is necessary to compute the spring constants at 
the various guy levels before the tower is analysed. The 
tov/er analysis is made by first ass^aming deflections of 
the tower shaft at each guy level. For these assumed 
deflections, the constants, K, Q, B., E, 0, and J for 
each guy level are toiown and the necessary simultaneous 
equations are established and solved to obtain moments 
and reactions. Having determined the reactions, the 
resulting deflections are computed from Eqs. 2,3.39a and 
2,3.39b. These deflections are taken as the new assumed 
values and this process is repeated until convergence is 
achieved, 

2, 3. 2.1 TY\ro way bending of tower: In cases, where the 

direction of antenna pull>-off is different from that of 
the wind, it is expedient to resolve the pull>-off load 
and moment at the top of the tower into two components, 
one parallel to the wind and the other normal to the 
direction of wind. If the bending in each direction is 
computed with the same vertical loads, P, the results 
may be combined by superposition. 
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Bacause the guy constants computed correspond to 
the motion in the direction of the va.nd only, it hecomes 
necessary to modiy the equations to include tower motion 
in two directions and to develop a technique for finding 
the true deflections of the tower at each guy level. 

Ab Before, the deflection of tower in the direction 
of wind is taken as A and deflection normal to it is 6, 
as indicated in Big* 2,9| 

Considering the tower deflections to he positive as 
indicated, only two changes are required in the guy 
equations. Eq, 2. 3. 13a hecomes 

3-2 ~ ^ Sin0 - 6)^ + (a Gos0 +4N )^j (2.3.46) 

and Eq. 2.3.13h hecomes 

Sin0i = 

in which the positive direction of S-| is as shown in 
Eig. 2.5a. 

As there are deflections of tower in two directions 
at each gny level, the problem of finding these deflections 
hy trial is more involved than in the previous case. 
Assuming pull >-off as shown in Big. 2.10, the following 
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PIG. 2.9 GEOMRY OF T¥0^7AY MOTION OP TO^^ w 

guy connection PK .YP 



PIG. 2.10 DEPEECTIONS OP 
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procedure jl?] is used in the present work. 

1 . Assume A values for each level. 

2, Compute guy constants K, Q, B, E, 0, and J for various 
values of 5 at each guy level keeping the values of 

A in step 1 constant. 

3. Assume values of 5 at each level and solve for actual 
values. Eor this, assume no wind loads on the tower. 

Use guy constants in the 6 direction for this computationi 

4. Repeat step 3 till the values of 6 converge at each 
guy level, 

5, With the values of 6 computed in step 4 constant, 

Compute guy constants for various values of 4 a at 
each guy level. 

6. With the constants of step 5, solve for tower deflections 
until assumed and computed values are in substantial 
agreement, 

7, Repeat the process until all deflections converge. 

Having determined the reactions and moments in 
both directions, it becomes a simple matter to compute the 
member stresses. In computing web member stresses for 
two way bending of triangular towers, hov/ever, it is 
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necessazy first to determine the 


shear flow in each face. 


Pig. 2.11 shows a section of a triangular tower acted 
upon by shears and Qg. if the twist is zero, the 
shear- forces in each face may be found from 

^1 = <l2 " 13 


(< 12 +^ 3 ) Oos 30 ° = Qg 02.3.48) 

(12 < 13 ) Sin 30° + q., = 

Solving the above equations yields 


51 = I Ql 

12 = j Qi + Q 2 tan 30° (2.3.49) 

■i 

The web stresses are than determined from 
the shear flow in each face. 



CHAPTER III 


OPTItMf DESIGI PROBLEM 
PORimLiffilOR iH) MironZAEIOR ALGORITmi 

3.1 Il^TTROPUGTIOR 

When a means for predicting the beliaviour of any 
design within a particular design concept is available, 
limitations on the performance and other external 
constraints on the design can be stated and an acceptance 
criterion can be established, it is possible to cast the 
design modification problem in the form of a mathematical 
programming problem. 

In general a mathematical programming problem can 
be stated as 


mm l^' 

Minimize (or maximize) f (X) such that 

g^ (x) "5 0, j = 1, 2, ,,..,1 


(3.1.1) 


where , 


X is a n'-dimensional vector of design variables? 


I'(X) is the objective function to be optimized! 

g.(x) are the constraints on the design; 

D 

and 1 is the total number of constraints. 
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In this chapter, the automated optimum design 
problem of multi >-level guyed towers is formulated as a 
mathematical programming problem. The design criteria 
used in the present work hasre been discussed and the 
reasons for choosing the cost as the objective function 
have been described. The reasons for selecting the 
design variables are discussed and the equations corres*- 
p ending to the constraints imposed on the automated 
optimum design, are developed. The solution procedure 
adopted to seek the solution is also briefly discussed 
in this Chapter, 

3 , 2 PESl&F CRITERIA 

Characterisation of a design philosophy involves 
many considerations. In the present work, the problem 
of designing the tall guyed tower has been considered to 
be deterministic as against probabilistic. In other 
words, all the quantities involved in the analysis and 
tlae design of the structural system are considered to be 
deterministic. The' adequate performance of the struct- 
ural system has been sought by trying to avoid failure 
modes such as initial yielding and excessive deflection. 
Dynamic response chanacteri sties are not considered 
in the present work. In other words, the present work 
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la an attempt to obtain tbe opt™ design of a 

multiloTOl guyed tower within the deterministic static 
elastic regime. 


^ • 5 objective FuiCTroF 

llie nature of the structural design problem is 
such that there will usually be many designs that perform 
the specified functional purposes adequately, a basis 
for choice between alternate acceptable designs should 
be selected in order to cast an automated optimum 
otructural design problem. Cost minimization is frequ- 
ently taken to be the oboective of optimization of civil 
engineering structures. Hence, minimum cost of tall guyed 
tower has been considered as the objective function in 
the present work. 

Tbe cost of the guyed tower can be represented by 


f(X) = + Cg 

where , 


( 3 . 3 . 1 ) 


and 


0^ is the cost of the tov/er shaft; 
Cg is the cost of the guys. 
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where , 

P -jj is "the cosi of "fcowsr sieel per kF ; 

Pg is the cost of high tensile steel used for guys 

per kF 

^^s^i weight of the ith span in kF ; 

^^g^i weight of all the guys at ith level in kF J 

and m is the number of guy levels. 


5 .4 GHOIGE OF THE 3DESIGF VARIiBlES 

Utmost care has to be exercised in deciding 
whether a particular parameter defining the design be 
included as a design variable. One one hand, consider>- 
ation of all possible design variables increases the 
dimensionality of the problem, leading to extra and 
unnecessary computational effort, on the other, non- 
consideration of some parameters as design variables 
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may create discontinuities in the objective function, 
thus making it difficult to optimize. This dichotomy 
has been kept in mind, while selecting the desi^ variables 
in the present work. 

The maximum deflection of the tall guyed tower and 
the maximum stresses in the guys and tower members are 
dependent on the relative stiffnesses of the tower shaft 
and the guys. Since the guys are. pretensioned, the 
stiffness of the guys is a function of the amount of 
pretension in the guys besides the guy diameters and the 
slope of the guy chords. The relative stiffnesses of the 
tower shaft and the guys are also a function of the location 
of the joint between the to-'ver shaft and the guys. 

Thus, from the above discussion, it is clear that 
the guy slopes, the guy diameters, the initial guy 
tensions and the height of the guy levels are obvious 
choice to be design variables. 

Considering a design variable corresponding to 
each member of the tower, results into a large number of 
design variables. Practical considerations also do not 
IDermit providing different sizes for each and every 

Therefore, a possible way of reducing the number of 


member. 
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design variables is to select three design variables 
per span of the tower. There are three types of members 
in each span viz. the leg member, the diagonal bracing 
member and the web bracing member. Areas of cross-section 
corresponding to each one of these members in a span 
are chosen as design variables. 

The number of guy levels is also one of the 
important considerations in the design of tall guyed 
towers. The larger the number of guy levels for a 
particular tower, the more would be the ground space 
covered by the tower, from structural point of view, 
a tower with more number of guy levels isdll be esperieneing 
more axial thrust and hence, will undergo more destabi- 
lising effect. However, increase in number of guy 
levels increases the flexural stiffness of the guyed 
tower. Therefore, the number of guy levels is also a 
potential candidate to be a design variable. 

As the number of desi^r-variafbles is an integer 
quantity, if it is considered as a design variable, the 
resulting problem will turn out to be a mixed integer 
programming problem, the solution of which is not easy 
to obtain. It is, therefore, natural to look into the 
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ways of avoiding the incorporation of the number of 
guy levels as es^'licit design variable. The number of 
guy levels is directly dependent upon the height of the 
guyed tower. The height of the tall guyed towers in 
use varies from 100 m to 400 m. It is observed that, 

1 ) the variation in the number of guy levels for this 
range of height is 3 to 7 and 2) higher the height of the 
tower, more the number of guy levels. As such, fixing 
the number of guy levels in itself becomes a subject 
matter of study to be approached from the over-all 
stability and stiffness considerations. However, this 
has not been studied in the present work and the number 
of guy levels is fixed depending upon the height of the 
tower, based on the experience of the earlier investigators. 

It is observed that the maximum stresses in the 
bracing members is almost invarient over the height of 
the tower. Therefore, it is not necessary to have 
2(m-M) design variables corresponding to the areas of 
cross-section of web and diagonal braces in all the 
tower spans. Instead a total of only two design variables 
have been introduced viz. area of cross-section of 
diagonal and web brace Si Though the areas of cross-section 
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of sfosi <=?PoH“-?nvi 

section Tary discretely, it has 

oeen assTomed that t>iA 

ign variables corresponding 

to the areas of cross-section of the members are oontin- 
uous in nature. The properties of the sections oorres- 
ponding to these values are appropriately Interpolated, 
from the properties of the available standard sections. 


Thus the simplified automated optimum design 
problem for tall guyed towers will have 5 m + 3 or 5m + 2 
design variables depending upon whether the tower has 
a cantilever at the top or not. The design variables in 
the present work are listed below: 

1 . Slopes of guy chords with the horizontal 

i = 1 m) 

2. Initial guy tensions (tj_, i = 1 ,..,, m) 

3. Guy diameters (dj_, i=1,..., m) 

4. Heights of the guy levels (hj_, i = 1, m) 

5» Areas of cross*-section of the leg members 
of the tower (Aj_, i=1, m or m+1) 

6. Areas of cross-section of the diagonal braces (A^) 

7. Areas of cross-section of the web braces (A^) 

where, 

m is the number of guy levels; 

and 

the subscript i indicates the ith guy level. 
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In the design vector, the variahles are grouped 
in che order given above, in, each variable type, the 
variables are arranged in the increasing order of guy 
levels, from the base of the tower. 


hon>-dimen3ionali2ation .of De sign Variables; 


All the design variables are non>-dimensionalized 
such that they are free of units and lie in the range of 
0 to 1 . Thus, 


(^n)i 


^1 ^^in^i 

^ ^ax^ i ^in^ i 


(5.4.1) 


is the non-dimensionalized design variable 5 
is the upper limit on the ith design variable ; 
is the lower limit on the ith design variable; 
is the ith element of the actual design vector. 

Such a normalization puts equal weightage on all 
the design variables during the search for optimum design. 
The upper and lower bounds on the design variables, used 
in the present work, are given in Table 3.1. 


where , 




^^ax^i 

^^in^i 

and 
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TiffiLB 3,1 : LIMITS 01 THE TDESIGI V^IjffiLES 


Description 

Ho. of 
Variables 

Units 

Lo?;er 

Limit 

Upper limit 

Guy slope (Wj_) 

m 

degrees 

10.0 

60.0 

Guy tension (tj|^) 

m 

Mr 

0.0 

Breaking strength 
of the guy 

Guy diameter (dj,) 

m 

mm 

9.53 

101.60 

Height of the guy 
level (hjj_) 

m 

meters 

0.00 

Total height of 
the tower 

Areas of leg members 
(A^) 

m+1 or 
(m) 

Sq.cm, 

5.00 

500.00 

Areas of web brace 

( Aw) 

1 

Sq.cm, 

2.95 

93.80 

Areas of diagonal 
brace (A^) 

1 

Sq.cm. 

2.95 

93.80 


5.5 GONSIRAIMPS 

A design is considered to "be safe only when it 
performs with in certain limits* This imposes certain 
constraints on the behaviour parameters of the structure, 
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wliicli inljurii ar© a function of tli© design variatiles. 

Such constraints are termed as "behaviour constraints. 

Over and aoove the "behaviour constraints, there will always 
he hounds on the design variables arising out of practical 
and other considerations. These are termed as side 
constraints. In addition to these, there are some const>- 
raint equations on the design which are required to he 
satisfied as a result of the particular method of analysis 
used in the present y;ork. The various constraint equations 
imposed on the minimum cost design of tall guyed towers 
are grouped herein. 

1. For H in Eq. 2,3.2 to he real, the expression under 
the square root sign has to he positive. It, therefore, 
follows that 

4- tj^ •“ Cos ^ ^ C, i — 1 , 2 ,...., m 

2. a-| in Bq. 2.3. Ha is real and is strictly positive. 
Hence, the expression under the square root sign 
shall he positive. Therefore, 

^ ” h, 2, m (3.5.2) 

v 1 

where, 

all these quantities are described in section 2,3. 
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3 . 


If the guye are to he safe against tension, the 
max™ tension in the ^s shall follow: 

^ m (3.5.3) 




where, 

i-f is the load factor; 

Tin material reduction factor; and 

^ max^i the maximum tension in the guys at ith level 

^^hr^i IS ■the breaking tension for guys at ith level. 


4. In order that the members of the tower are safe 
against yieldihg, the actual maximum stress in any of the 

members shall not exceed the maximum allowable stress in 
that member. Hence, 


, 1 = 1 , 2 ,..., 


m+1 


d < o™; 

~ d 


‘^’"w £ '-^w 


(3.5.4a) 

(3.5.4b) 

(3.5.4c) 


where 


( O ' 1 )^ is the actual maximum stress in the leg 
member in the ith span. 
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maximum allowable stress for any of 
tbe leg members in the ith span; 

? 

d is the actual maximum stress among all the 
diagonal bracing members of the tower; 

■J ^ is the allowable stress in the diagonal bracing 
members of the to?rer; 

t _ 

'■-"w the actual maximum stress among all the 

web bracing members of the tower; 

and cr^-^y is the allowable stress in the web bracing of 
tower. 

5. As per the Indian Standard Specifications | 12 j, 
the slenderness ratio of the members of the tower has to 
be liEiited to 250. This ensures safety of the individual 
members against bucHing. It follows that 


( T_ S, ^ • • • • > 


m+1 


®d 1 


and < 250 


(5.5.5a) 

(3.5.5b) 

(3.5.5c) 


where, 


and 


(si)i is the maximum slenderness ratio of the leg 

members in the ith span; 

s^ is the maximum slenderness ratio of the 

diagonal bracing members; 

s is the maximum slenderness ratio of the web 
w 

bracing members. 
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6 . Por satisfactory performance of the to^-rer, the 
deflection of the tower has to he limited, is per present 
practice, the deflection of the tower, shall not exceed 
l/|15th of the total height of the tower. So, the deflection 
constraint is formulated as; 


^t 

^max — -- — 

115 


(3.5.6) 


where , 

^max maximum deflection of the tower; 

and 

is the total height of the tower. 


7. In order to ensure that the spans take a non-negative 
value, we have 


hi > 0 

h^ — .."I ^ ^ > 1* ”” ...., m 


(3.5.7) 


where , 

hj_ is the elevation of the ith guy level. 


8. Bounds on the design variables ; ill the design 

varial?les are considered to he continuously varying 
between the lower and upper bounds given by: 


X,- 


> ^ " “a 


( 3 . 5 . 8 ) 


X^ 


< (wh’ i - I’ % 
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where* is the total number of design variables. 


3.5.1 Normalization of Constraints 

The constraint equations are nomalized for the 
same purpose as the design variables. Typical examples 
of normalizing a behaviour and side constraint are 
shown belowu 

A behaviour constraint is typically represented as; 


6 < 6 , 


max 


Rewriting the above equation 




Dividing both sides by the normalized 

constraint can be obtained as 






1 < 0 


(3.5.9) 


=3 ''' ''max 

A general side constraint can be written as : 


Y < T < T 

min « 


( 3 . 5 . 10 ) 


Taking the first part of the inequality and dividing 

/■ >- Y . 

max min^ 


by (Y^^^ - Y„,.„) we have 


or 


Y Y - 

Y Y • 
^max mxn 


Y > 0 

■ n - 


> 0 


( 3 • 5.110 



S3 



This inequality, Eq. 3.5.13, satisfies both the in.- 
e-qualities in Eqs. 3.5.11 and 3.5.12 simultaneously. 
Thus, the two constraints on the bounds of a design 
variable are reduced to only one. 


5.6 EIIITIMIZjCTIOI ALGORITmi 

The mathematical programming problem formulated 
in the previous sections is a non-linear programming 
problem. Though there are many direct and indirect methods 
avaialble for solving a wide variety of non-linear progra- 
mming problems, an Interior Penalty Function method is 
chosen for the present work. This is a very powerful 
method and it has the advantage of giving all points in 
the feasible or acceptable design space, and thus 
advantageous from engineering point of view. The method 
used in the present work is briefly described in the 
following section* 
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3*6.1 Sequential Unconstrained Minimization leclmique: 

The technic of optimal see'King, developed by 
liaeco and Me Ctomick {?!, loiom as the Sequential 
Unconstrained Minimization Technique (SUI.fI) is an 
Interior Penalty Function method. In this method, the 
constrained problem is transformed into an equivalent 
unconstrained problem, by appending the constraints to 
the objective function through a penalty parameter, r. 
This gives a sort of imaginary wall at the constraint 
surface ydiieh does not permit crossing over of the design 
into the infeasible domain. 

Thus, the constrained problem in Eq. 3.1.1 is 
transfoimed to ' 

-US' 1 1 

Minimize F(X, r) = m Z — — (3.6.1) 

d=1 Sj 

in vdiich, 

F(X, r) is knov«i as Penalty Function. 

This function F(X, r) is minimised for decreasing 
sequence of the penalty parameter, r. The sequence of 
minima so obtained converge to the minimum of the 
constrained problem as r - 0. 
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The initial value of the penalty, parameter, r^, 
has to he carefully chosen for "better convergence. It is 
customary to choose r^ such that the objective function 
and the penalty are of the same order of magnitude at the 
starting point. Thus 


‘O 


f(i) I 

*-2 1/gJ 


(3.6.2) 


Subsequently, the penalty parameter can be reduced by 
a constant reduction factor. 


The unconstrained minimization of the penalty 
function, FCx, r) , is performed by Powell method }19{. 
The objective function expression is a continuous function 
of design variables and the penalty function has been 
found to exhibit discontinuities. This necessiated the 
use of a non-gradient method for unconstrained minimization, 
Powell’s method, being the most powerful among the non- 
gradient methods, is chosen for the unconstrained 
minimization. In this method, each iteration requires 
n one-dimensional (linear) minimizations in n linearly 
independent directions S^, ...... is the 

result of these minimizations a new direction, S is 
defined and, if a test is passed, S Emplaces one of 
the original dire ct ions ^Sj_. The initial Sj_’s are taken 

as coordinate directions. 
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The procedure for minimizing an unconstrained 
function f(X) from a starting point is as folloiss: 

1, Por i = 1, 2, m calculate so that 

f 4- at jSj^) is a minimum and define 

+ al §j_. 

2, find the integer k,-{< k < ii, sothat lf(X^__-j)»-f(X^) 1 
is a maximum, and define ^ = f(Xjj.^^)- f(X^), 

3, Calculate f^ = define f^ = (X^) 

and ±2 ~ • 

4, If either f^ ^ ^-t 

(f^ >- 2f2 + f2) . < 1/2 (f^-f^)^ 

Use the old directions S^, S 2 » ...... for the ne- 
xt iteration and use ^ for tte next X^ . 

5, Otherv/ise, defining S = ^ - X^, calculate a* 

so that f(X^ + a* s) is a minimumr Use S^, S 2 -*»»j 

*»i **> 

• ^Ic— 1 * ^k+i * ^k+2’ ^ as the 

directions for the next iteration and X^^ + a* S 
for the next X^* 
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* 

The linear minimization to find oc^ is performed 
hy the Golden Section Search. In this method, the 
interval of xmcertainity, vd.thin -which the minimum is 
bracketed, is reduced by 0.618 at every iteration, by 
deleting the region in which the minimum is not expected 
to occur. This is the most efficient linear search 
technique -v^ich makes use of only function values. 

The algorithms of these methods are described in 
detail in any standard text book on non-linear programm- 
ing |9 (, [20 I. 



CHAPTER IT 


RESULTS EISOUSSIOHS iglD COIOLUSIONS 

General computer programs have been developed for 
the analysis and optimum design of multi-level guyed 
towers. The results obtained are presented in this 
chapteri All the results presented herein are obtained 
on I)EC-1090 system at the Computer Centre, I.I.T. Kanpur. 

4 . 2 RE SULTS 

Optimum design of a 3 level 100 m high triangular 
tower with a cantilever at the top has been carried out 
in the present work. The optimum design problem of this 
structure turns out to be a non>-linear programming 
problem with 18 design variables and 42 constraints. The 
components of the design vector and the order of' the 
constraints is given in Table 4.1 and 4.2 respectively. 

The base of the tower is assumed to be hinged 
and no antenna loads are considered on the tower. Other 
salient data considered in the present work Is: 

Basic Wind Telocity (Tq) =160 kmph 

Wind Telocity Exponent (oc) = 1/8 

Total height of the tower 100.0 m 
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Tower face width (s) 

Panal heiglits of the tower 

Fumher of guy levels (m) 

Fumher of guys per panel 

Cost of high tensile steel ropes (Po.) 

Cost of High Yield Strength Deformed 
(HYSD) Steel (P^) 

Modulus of elasticity of tower steel 

Modulus of elasticity of guy rope 

Load factor {if) 

Material reduction factor (i 

Convergence limit on the design 
variahles 

Convergence limit on the function 
values 

Same values of convergence limit are used in all the 
optimization routines. 

Minimum cost design of the tower has been worked out 
from two different starting points. These starting points were 
obtained by trial and error. One of these starting points, 
henceforth addressed as SP-I, is a free point while the 
other, addressed as SP>-2, is a bound point. The design vectors 
at the end of each unconstrained minimization of the penalty 
function, starting from SP>-1 and SP-2 are given in Tables 4.3 


= 5.0 m 
= 2,5 m 
= 3 
= 3 

= Rs. 1400/kIT 
= Rs. 400/kF 

= 2.1 x 10^ MPa 
= 1.38 X 10^ MPa 
= 1.20 
= 1.15 
= 0.001 

= 0.001 
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s,iid 4-*4 ^^Gspectively . O’fch.er salient data is giyen 

in Tables 4»3a and 4*4a« The starting value of 
penalty parameter, r, is determined from Bq.. 3.6.2 and 
the reduction in the penalty parameter is taken as 0.1, 
from one unconstrained minimization to the other. 

4.5 DISGUSSIQIfS 

The starting design point in Table 4.3, SP*-1, is 
a free point. The first cycle of minimization results 
into the design given in column 3. Column 7 indicates 
the proposed minimum cost design of the guyed tower 
considered. Comparing the designs in columns 3 and 7, 
it is observed that only the design variables 7, 8, 13, 
14, 15 and 16 have changed considerably during the 
last 4 cycles of sequential unconstrained minimization. 
Starting from SP-I, the first cycle of optimization 
process has brought the design variables corresponding 
to the guy slopes, the guy tensions, the location of 
guy levels and the areas of cross-section of the 
bracing members to the values, which more or less, 
correspond to the minimum cost design. It is only the 
design variables corresponding to the guy diameters of 
guys at levels 1 and 2 and the areas of cross-section 
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of the leg memhers in all the spans, #iich vaxy in 
the suhssequent sequential minimization process, 
leading to the reduction in the cost of the structure. 

The variahles 10, 11 and 12 corresponding to the 
location of the guy levels and 17 and 18 corresponding 
to the areas of cross>-section of ‘ the diagonal and web 
bracings have remained more or less constant throughout 
the optimization process. The value of the variable 16, 
corresponding to the area of cross>-section of the leg 
members in the cantilever span bas slightly increased, 
from 40,000 to 40,248, in the first cycle of minimization 
and then decreased continuously. However, the values 
of other variables, corresponding to the areas of cross- 
section of the leg members in the other spans, have 
decreased even in the first cycle, from column 7 of 
Table 4*5, it can be observed that corresponding to 
the minimum cost design: 1) the slope of the guy chords 
increase for higher levels, 2) the initial guy tensions 
at all levels are more or less of the same magnitude, 

3) the areas of cross-section of the leg members of the 
tower decrease from the base of the tower to the 
tip of ittr 
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Table 4.5a Indicates tbe values of the penalty 
Parameter,- penalty function, objective function and 
the cost of the tower shaft and guys for intermediate 
designs; starting from the initial design S?-1. The 
active constraints for these designs are also indicated 
in this table. It is observed that, the objective 
function and the cost of the tower shaft have decreased 
monotomically. The cost ofthe guys has increased in 
the 1st cycle of minimization and then decreased 
mo no tonic ally. This increase is due to the increase 

in the value of the variable 8, corresponding to the 
guy diameter at the 2nd level, For the final design 
the constraints 56, 57, 58 and 59 corresponding to 
the stresses in the leg members of the tower are active. 
In other words, stress limitation in the leg members 
governs the minimum cost design of the guyed to?/er 
considered. The total GPU time taken to reach the 
proposed optimiim design is around one hour fifteen 
minutes. 

The starting design point Table 4.4, SP>-2, is a 
bound point. The mar:imum deflection at the tip of 
the tower is bounded at this point. Comparing the 
starting design point, column 2, and the proposed minimum 
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cost design, column 7. of Table 4*4, It is seen that, there 
is a considerable change in the values of all the design 
variables, except for that of variables 10, 11 and 12, 
corresponding to the location of the guy levels, and 
the variables 17 and 18, which correspond to the areas of 
cross section of the bracing members. The guy slopes, 
which have initially been in the decreasing order of 
magnitude from the base of the tower to the top of it, 
have reversed in order in the final design. The initial 
guy tensions have increased from a lower value in the 
beginning to a higher value at the end. The diameters of 
the guys at all levels have more or less decreased. 

Areas of cross-section of the leg members in all the 
other spans have decreased continuously, where as, the 
area of cross-section of log members in the cantilever 
span has increased, from 19.635 to 44*106, in the first 
c,ycle of minimization a^id then decreased continuously. 

This is to move the design away from the composite constraint 
surface in the initial stages of optimization. The 
variables corresponding to the location of the guy levels 
have remained unchanged in the entire process of optimization. 
The variables 17 to 18, viz. The areas of cross-section 
of the bracing members, remained more or less unchanged. 
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The variables corresponding to the guy slopes, the 
initial guy tensions and the areas of cross>-section 
of the leg members have experienced a considerable change 
in their values in the initial stages of the optimization 
and more or less remained unchanged subsequently. However, 
the change in the values of the guy diameters is brought 
about in the final stages of the process. The total 
GPU time taken to reach the proposed optimum design is 
around one hour. 

Table 4*4a indicates the values of the penalty 
Parameter, penalty function, objective function and the 
cost of the tower shaft and guys for the designs at the 
end of each unconstrained minimization starting from the 
design SP-2. This table also indicates the active 
constraints at these designs. A monotonic decrease in 
the value of the objective function and the cost of the 
tower shaft and guys is indicated in the table. Por the 
initial design, the constraint 42, corresponding to the 
deflection of the tower, is active. It can be observed 
that for the intermediate designs at the end of cycles 
1,2 and 3 none of the constraints are active and for the 
final design, the constraints 26, 35, 36, 37 and 38 
corresponding to the L/R ratio of the web bracing, stress 
in the guys at the third level and stresses in the leg 
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DiGiii'bers in spans 1, 2 and 3 respectively, are active. 

Tlrus the optimization process has initially moved the 
design away from the constraint, coraresponding to the 
limitation on the deflection, hringing the design closer 
to the stress constraints subsequently, The proposed 
minimum cost design obtained from the starting point SP-2 
is also a stress conscrained design, as indicated by. 

Table 4*4a. However, this design is very different, 
both in details as well as in the overall cost, as 
compared to the proposed minimum cost design obtained 
by starting from SP*-1. 

Table 4,5 indicates the number of linear minimiz*- 
ations required for conver^nce by each of the xmconstrained 
minimization cycles, from both SP-1 and SP»-2 as starting 
designs. It is observed that, the number of unconstrained 
minimizations required increase upto the third cycle and 
from the fourth cycle onwards, this number decreases. This 
is because, by this time, the design has reached very 
near to the optimum, i/diere, the function is better approxi- 
mated by a quadratic. The fifth cycle of unconstrained 
minimization is performed only to ensure the convergence 
of the process in both the cases. The process with SP-1 
as starting point, requires more effort than with SP-2, 
as is clear from Table 4«5* 
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As "tlie locations of tlie guy levels have not changed 
during the process of optimization, it is not necessary 
to consider the locations of the guy levels as design 
variahles, while seeking the optimum solutiohs of guyed 
towers. However, different sets of the locations of the 
guy levels have given different optimal solutions, as is 
evident from Table 4.3 and 4.4* Moreover, the location 
of the guy levels has a considerable effect on the stability 
and flexural stiffness of the tower. Therefore, a 
seperate study has to be made to fix the locations of the 
guy levels viz. the heights of the guy levels, before 
embarking on the optimization process. In otherwords, an 
optimal configuration of the guyed tower has to be evolved 
before detailing of the members is dorae to obtain minimum 
cost design. 

Both the starting designs, SP»-1 and SP.-2, are very 
different and the solutions obtained from these are also 
different. The optimum obtained from SP*-1 is costlier 
than that from SP-2, This indicates the existance of 
local minima, Por proposing a global minimum with some 
degree of confidence, optimum solutions have to be 
obtained from a number of different starting designs. 

This, however, has not been possible in the present work 
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due to prohibitive cost of computer time required in 
obtaining an optimum solution. The most of the computer 
time is taken up by the non>--linear structural analysis of 
the guyed tower. 

Erom the numerical results obtained, the following 
observations are made for the proposed optimum design: 

1, The slopes of the guy chords increase as we move 
above the base of the tower. 

2, The areas of cross*-section ofthe leg members decrease 
from the base to the tip of the tower. This is 
gustifiable because, the loads on the tower shaft 
increase from top to bottom, 

3, The initial guy tensions are , nearly of the same 
magnitude at all levels, 

4, During the process of optimization, the char^ in 
the variables corresponding to the location of the 
guy levels is insignificant, 

5, The cost of the guys is about 2D per cent of the 
cost of the tower shaft at the proposed minimum 
cost design in both the cases. 
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4.4 GO¥OLIJSIOHS 

An automated optimum design of tall mul-fci-level 
guyed towers has teen formulated and some numerical results 
have teen illustrated in the present work. Prom the 
present experience, the following conclusions can be drawn. 

1. The optimum design is quite sensitive to the numl«r 
and location of the guy levels, as this changes the 
magnitude of loads in various parts of the structure. 
Therefore , configuration optimization has to precede 
the detailing of the design variables at the optimum, 

2. The slopes of the guy chords flatten towards the 
base of the tower, at the optimum, 

3. The areas of cross»-section of the leg members for 
an automated optimum design of the tower, decrease 
towards the tip of the tower. 

4. The problem of automated optimum design for tail 
guyed towers exhibits local minima. 

5. Maximum deflection of the guyed tower does not govern 
the minimum cost design of tall guyed towers. On 
the contrary , the minimum cost design turns out to 

be stress constrained. 
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4.5 SaOpE FOR FIJIfflHBR WORE 

1 • Tile performance of "the fower is quite sensitive 
to tlie number and location of the guy levels, 
because the flexural stiffness and the over.-all 
stability of the structure are effected by the 
number and location of guy levels. Therefore, a 
study to fix the number and location of the guy 
levels, preceding the detailed optimum design, bas 
to be carried out, 

2, In the present work, only wind loading on the 
tower is considered, intenna loading should be 
incorporated inorder to simulate realistic loading 
conditions. 

3 , In the present work, it has been assumed that the 
bracing members, in all the spans, have equal are^ 
of cross-section, Consideration is to be given 

to vary the area of cross-section of bracing members 
in each span. 

4, The panel heights of the tower in each span have 
also to be taken as design variables and its effect 
has to be studied on the optimTun design. 

5, Cost of the groiuid space covered by the tower and 
cost of the foundations are not considered herein. 
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Tile inclusion of these may change the over-all 
design of the tower. Therefore, these aspects 
also have to he incorporated in the automated 
optimum design framework. 

6 • hast hut not the least is to develop a reasonably 
accurate and cos IpU'bCir bionally efficient method of 
re analysis of the guyed tower, ^ich, has inhibited 
the incorporation of most of the points mentioned 




above 
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TABLE 4.1 ; aOI'IPOESlITS OF THE DESIG-N FECTOR 


Variable number(s) description 


1 

to 

3 

Guy slopes 

4 

to 

6 

Initial guy tensions 

7 

to 

9 

Cuy diameters 

10 

to 

12 

Guy level heights 

15 

to 

16 

Areas of leg members 


17 


Areas of diagonal braces 


IS 


Areas of is^b braces 



82 


TABLE 4.2 : GOMPONE^ITS OE THE VECTOR OP CORSTRIISITS 


Constraint num'ber(s) 


Description 


1 to 18 
19 to 20 

21 to 24 


25 

26 

27 to 29 


Bounds on the design variables 

Restrictions on the tower spans 
2 and 3 respectively 

Limits on maximum L/R ratios of 
leg members in spans 1,2,3 and 
and cantilever respectively 

Limit on maximum L/R ratio of 
diagonal bracing 

Limit on max. L/R ratio of web 
bracing. 

Sq. 3.5.1 


30 to 32 


Sq. 3.5.2 


33 to 35 


36 to 39 


40 

41 

42 


Constraints on the max. stress 
in the guys at level 1 , 2 and 
3 respectively. 

Constraints on the max. stress 

in the leg members in spans 1,2,3 

and the cantilever respectively. 

Constraint on the max. stress in 
the diagonal bracings. 

Constraint on the max. stress in 
the web bracings. 

Limit on the maximum deflection 
of the tower 
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TABLE 4.3 : DESIGNS STABLING FROM SP^1 


Tariable 

Initial value 

Yalue 

of tlae variable 
Iteration 

at tile 

end of 



1 

2 3 

4 

5 


X(1) 

30.000 

30.060 

30.170 

30.170 

30.145 

30.145 

X(2) 

42.500 

42.454 

42.971 

43.334 

43.334 

43.334 

X(3) ' 

55.000 

52.315 

52.240 

52.215 

52,500 

52.500 

x:(4) 

100.000 

1 13- .58p 

119.193 

119.193 

119.193 

119.193 

X(5) 

100.000 

119.302 

119.302 

117.767 

117.767 

117.767 

X(6) 

100.000 

101,021 

101.021 

101.652 

104.392 

104.392 

X(7) 

25 . 000 

24.915 

21.412 

19.931 

19.735 

19.735 

X(8) 

25 .000 

29.488 

24.188 

24.032 

24.032 

24.032 

X(9) 

25.000 

. 25.000 

24.876 

24.655 

24.655 

24.655 

X(10) 

20,000 

19.950 

19.900 

19.900 

19.900 

19.900 

X(11) 

50,000 

49,950 

49.900 

49.900 

49.900 

49.900 

X(12) 

85.000 

84.950 

84.950 

84.950 

84.950 

84.950 

X(15) 

100.000 

75.038 

57.904 

53.114 

52.299 

52.299 

X(14) 

90.000 

70.084 

55.026 

50.608 

49.678 

49.678 

X(15) 

75.000 

67.145 

52,385 

47.058 

45.632 

45.632 

X(16) 

40.000 

40.248 

27.816 

25.914 

25.496 

25.496 

X(17) 

a 

m 

O 

10.425 

10.340 

10.295 

10.295 

10.295 

X(18) 

8.000 

8.045 

8.136 

8.202 

8.202 

8.202 
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TASLE 4o3.a ; DMA QE H'iTERMEDI EESIGIfS SE-ARTIgG EROl SP^1 


I 

Design at 

Penalty ‘ 

Value of 

the end of 

pa.ra- 

the Penalty - 

iteration 

meter 

function at 

number-' 


the start 



of the iter- 



ation 


Yalues at tlie end of the iteration 


Penal- Ohjec* 
ty fu- tive 
jnction funct> 
ion 


Cost of Cost 
tower of 
shaft guys 


Numhe- 
rs of 
active 
const- 
raints 


0* 

612-11 


, 301570 

150785 

129810 

209 75 


1 

612.1 : 

301570 

287723 

139890 

115531 

24359 


2 

61.211 

154674 

138750 

119857 

99954 

19902 


5 

6.12: ■ 

121667 

114555 

117230 

97935 

19295 

>- 

4 

0.61211 

114832 

114001 

113430 

9 4257 

19175 

36,37, 
38 and 








39 

5 

0 '" 61211 

113472 

113472 

113430 

94257 

19173 

36,37, 
38 an d 

39 . 


^ Iteration 0 corresponds to the starting design 
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Variable 


Initial 

Value 


X(1) 

X(2) 

X(3) 

X(4) 

X(5) 

X(6) 

X(7) 

X(8) 

X(9) 

X(10) 

X(11) 

X(12) 

X(13) 

X(H) 

X(15) 

X(16) 

X(17) 

X(18) 


37.500 

32.500 

25.000 
39.960 
53.300 
39.950 

20.640 

20.640 

20.640 

25.000 

60 .000 

90,000 

122.718 
95.033 
\ 50.266 
19.635 

7.270 

5.270 


^^alue Of the^vgable at ti>e end of 


1 


37.450 

32,500 

34. 38 A 

82.346 

87.262 

89.198 

20.640 

20.760 

20,136 

25.000 

60.000 

90,000 
46.647 
43.031 
36.592 
44.106 

7.270 

5.270 


2 

3 

4 

5 

37-588 

37.667 

37.667 

37.667 

40.667 

40.600 

40 m 600 

40.600 

45.156 

45.256 

45.256 

45.256 

80.935 

80 . 545 

79.673 

79.673 

86.872 

86.092 

86.482 

86.482 

88.808 

87.546 

86.525 

86.525 

20.594 

19.229 

18.878 

18.878 

20.715 

20.064 

19.856 

19.856 

19.358 

18.719 

18.460 

18.460 

25 .000 

25.000 

25.000 

25.000 

60.000 

60.000 

60.000 

60,000 

90.000 

90.000 

90.000 

90.000 

43.751 

42,896 

42,572 

42.572 

43.031 

40.930 

40.377 

40,377 

33.376 

32.130 

31.712 

31.712 

20.325 

20.325 

19.907 

19.907 

7.270 

7, 242 

7.242 

7.242 

5.270 

5.012 

4,921 

4.921 
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Og IMPERI'EDIjgB SSSIGHS FROM SP-2 


Iter at 
ion 


Penalty i 
para>- : 

Penalty 

function 

Values 

at the end of the 
ation 

iter- 

Numbers 
of act- 

number 

i 

i 

meter 

start\f ^s’^^alty Object- 
ation nction 

Cost of 

tower 

shaft 

Cost 

of 

guys 

ive 

const- 

raints 

0* 

259.87 

>MI 

282546 

141173 

116527 

24646 

42 

1 

259.8 7 28 2346 

191211 

96710 

76113 

20597 

- 

2 

25.987 106171 

99833 

88512 

71929 

16583 

>« 

3 

2 

:.5987 

89643 

86941 

85262 

69898 

15364 


4 

0 

.25987 

85422 

84594 

84200 

69243 

14957 

26,35,36, 

37 and 

38 

5 

0 

.025987 

84224 

84224 

84200 

69243 

14957 

26,35,36, 

37 and 

38 



* Iteration nimtier 0 corresponds to the starting design. 
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TABLE 4»5 : NUMBER OF LIILSAR MINIMIZATIONS PER CIGLE 


Order of -unoon- 
s trained 
mization cycle 

Number of linear 
required for conv 

minimizations 

■ergenee 

Starting from | 

SP-1 1 

- - - 1 

starting from 
SP-2 

1 

54 

54 

2 

90 

72 

3 

108 

90 

4 

36 

36 


5 


18 


18 
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1 m^jin oroTrafl^^whf rh^i n?hf °^*f®nt wytk' consist of 

IMPiiT s I’'* tcwsr data, cal-calates tn® . 

2 Hr^w? 4 ®l variables and- number of constraints and 
SftrSaHf 2S®*.K»®.,«K®fcw^- vector. uit nets tne dfstqn vector 
normalised throusrh tbs subroutine notmai:,.? This oroorts 
iE,v£2*I®u JPl’V once |«rtng tbe, execution, thfe' calltno 
program belna the main proaram,- 

PrWM.T’' t This seament performs^ constrained einlittiatioft uslna 
interior penaltv function methol 

pnwrL'L' s This proaram.i.s called by and performs 'anconst*! 

rained mlnimlsatloh of the penalty function ustno 
Powell's method,* 

Sbtih : Is called by POWEIili for oerformlnu linear 

mlnliiitfatlon. It uses the Golden Section Search’ 
technique for one-dlmeftslonal ■slnlmls^tlon.t 

OflT *■ Pyt is a program for outPuttlnsr the deslnn. vector and 

the values of the Penalty function and oblettlve. - '■■ 

functions at various stapes of unconstrained mlnlilsatlon 

OOTPUT' 'r This proorsi outputs the toiff r-parttcui trs at various 
stapes In the process of ootl ilsatlon,' 

FfiM ' r Propram ruw does the foilowinp. operations' t 

1) Establishes and checks th'e constrslntsv "2> call* . 
the deslpn oroprams CiEMBEP,!*sr:,6uyi>T*il for calculattna 
the weights and strengths of various - components; of - Khei 
puvtd tower, If the slde-constrlants. are satisfied' 
calls' the analysis propram fThWER) 4) establishes and- 
checirs. the, behaviour constraints and comguts the 
oblectlv# function and the oenalty function,* 

MRMBfP' I, the oTOoerties of standard rnMed steel fpual anPl# 

, fictions are stored by this orogram, 5lv»n the 'area 

' . ' of .cross section and lenoth of the msiber-, this' orogra«' 

" , Fit'urns the strength and l-^r' ratio of the: section,* 

f<eS'' ' «' 'Ih this program the orooerties of HtSO 'round bars art 

' ' stof ed»<. This, oroorai* also outonts the strength and t/'c 

ratio' of 3' given section,- 
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I!:?,. ACTUM,' i 


13,' TOWER 


14.' VRf. S 
1,5.- wr^o^iO' : 

16. ' COMSr t 

17, < RETS : 


The <>rQpertle!S of wlrti roots sre contslnfS tn-thts’. 
orogratn,- It returns ttif wetohf arm strthTth' of a ^Iven 
section of !?«/,» 

This tnoflolt noFTalltteS' giiren dtsigo vector, ustno tot 
upper and lower bounds on the deslon variables,' 

This proorat converts a< noriallied destsjn vector to 
ItS' corrtspondlno actual' vector,- 

TOMER is-'Called bv thej subroutine roi»i,' It' establishes 
the loads on the tower’-shaf f' and the-gavs', perforis 
the' Iterative cycle of analysis, calculates' the* stresses 
in th'e tower iveabers, siacir stresses In the^ oiivs and 
deflB'ctlohs of the tower#* The aaslma of these values aret 
returned to th'e calling orograw,' 

VEli ca’lcuiates the: win3‘ velocities on the' ouvs.t 

The wind loads on the'' tower-'sh'af t are calculated In 
th.ls segneht. 

This proarai calculat'eS' the sorioo^constants of the aavS' 
In the wind ward and normal to wind directions.! 

The', sieultaneoas' linesf equations that are ehcouotere'i-' 
in the analysis are' tstabllshea and solved hythis'’- 
orogram,* 
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DSSCRtPnON 

DWTfS 

VARIftSW 

1.- iTTf^g casn 



Title' 


PJW 

7 .,- Sliy tiEVSt, CaRD’ 



Number of f5uv l.evsls 


xs 

Base Fixity 

Binged «; 01 

Pixetl , -l 


TBASf 

Stress Comoatation 
always « *1 


NT 

Wind oireetton 

Fact Wind a 01 

Corner Wind a -i 

Side wind « 02 

' 'in . , 

lA 

Modulus of Elasticity ■ 

ton/sgc« 

t* 

Problem Wo, or Case' Wo#* 

w 

CASE. 

3, WIND DMA' CARO- ' ' . 

' ' ' ' ^ , 

Wind yeiocity 

Xm'oh 

FO 

win- Reference Weight" 

V «Bt 

BIO 

fsealatign Cttt*off ' Beiont 

mt 

BIE 

Ese'ilatipri Exponent' 

ep 

Al*PH 

fgwar' lasB' weight' 

pt 

BTF 

Settieieht 

mt 

BIFA 



TJUCifC t Ctofitlaueijj 

«» l» i» w ^ » «P W y * ^ 

r>B8C*?rPrT3»l flUITS ifAPIUiLS 

#, suy CARD •: 3»E PSR S«5f htW.h 


Local Vertical Loadf 

tons 

41 

Local Horizontal Lots Parallel 
to •fin'* 

tons 

44 

Monber of Guvs 

-m 

m 

Grouos of Identical 5a?s 

m 

41 

Local Mo»ent Paraiiei^ to' fJind 

ton->at 

EX44 

Local **o'«ant ^'formal to wind 

ton«>«t 

eXRM 

5, AMGLB card •: SAWE AS MtrmBeR 

DP G'flfS 

PER LEVEL 

Anoie' CCountercloctewisel 

deb 

AMS. 


Sv-' 8UY DI«E»ISI0H CARU* OMg: PER SROHP. OP lOEIIPICil.' SOTS’ 


PBf lEVEli 


Horlsonttl Distance lAiichor to 
Tower) 

at 

Al 

Vertical* Distance; fAficbor to 
Tower) ' 

,ISt 

q- 

initial Gut Tension af Aficbor 

tons 

r 

' , ' ' . . . -.r ^ B' ' '1^ 

Guy. Weight without ice 

k§/mt 

M 

Guy if^elght with Ic«» 

kq/mt' 

MR 

Guy Di8aete.r ' 

cm 

f. 



1 (Conttnata) 

m m m m m m’m'm'rnm m m 


nmcnxpiim 


UMITS 

VARIASliE 

Prodacft.of Arft'8 and ^adulas of 
Bllastleltv of Guy 

tons 

m 

tjsver fttm 


mt 

13 

^ 0 ,^ of Insulators 


W" 

Miw 

Length of one Insulator* 


mt 

51TN 

Weight of On® Insulator* 


tons 

WIM 

*?o,‘ of Identical Suys* In 

Group 

■■wm' 

W 

t, TOWBR CARD - OWS: PSR 

SPAM 



Length of Span 


9t 

7 7 

e»-it 

m 

Average' foment of inertia 
of the Soan 


A'l 

Weight of Span 


tons 

iS 

Drag Arei'^ 


sgat /tt 


8,* POLL-Orp CARO* 




Horitohtal Pull-rOff Load 
parallel to wind 


tons 

'l« 

PUll'oOff 'Woaent parallel 
wind' 

to 

tons-tt 

fn 

Pull-Off tfertlcat Load- 
Co’hponent 


tons 

t"' 

forliohtai p«ii-.off Load 
,Woraa'i"to wind 


tons 

THl 

P|t|-Off ^foment Mortal to 


tons-it 

T'Mt 



m mm mm mm mm m'fmm^hhhmmm 

oesCRIPFIOM IIUJIS 

9,. TE!«PftRRTtlRE CmQ 

tioad case, TeiBperattjre! : Oeprees 'P 
’^oripii leipcrttare' fte.^rses f 

10. < WIDTH CARO 

Tower' Fact: wlato pt 5* 

U,« FANE[« LEHGfH 'CftRO- our F!?f| SPAN 

Top Panel Length' at*':: If 

SottoM Panel- iienfth ,»t fB 

* , \r4m kiu _ 

I n t e r a- e a l a 1 1 Un I f or i Panel ■., ... ■; .7'-^ » t - ■'* '!■ W ■ , ■, 
l.ength 

t i,';, ;y • ■'' ” - 1 'a - 'Vi ^ 

Humber of Uniform Panel# 


FlPIiiliC 


S' 



appendix - D 

PROPERTIES OF WIRE ROPES 


Rope Diameter 
ia mm 


Mioimyra breaking Net Metallic 
Strength in jcN Area in sq.mm 


9,5 

i 1 . 1 

12,70 

14,29 

15.98 

17,46 

20'|l 

:i 

5.40 
8. 58 

l.?5 

4*93 
0 
8 


§7< 

78, 



63.1. 
66,61 
69, f 
73 J 
76, 
8?.! 


'8,4 
102,0 
129,4 
159 
ill 

Ul 




355.9 

406.9 
5l|,8 

fll' 

924, 
1098, 

1657,0^ 

1865.0 

20|9,0 

pii*o 

2559. 0 

loif *0 

3373.0 

3667.0 

4226.0 

1111:8 




4‘ 

5t, , 

76.8 

94.8 

117.4 
142U 

172.4 
200.7 

232.9 

207.1 

303.9 

384.5 

584.6 

694.2 
819,4 

]|E:1 

.. .... 

If 
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